Endogenous and pharmacologic glucocorticoids (GCs) limit inflammatory cascades initiated by Toll-like receptor (TLR) activation. A long-standing clinical observation has been the delay between GC administration and the manifestation of GC's antiinflammatory actions. We hypothesized that the GCs would have inhibitory effects that target late temporal pathways that propagate proinflammatory signals. Here we interrogated signal transducer and activator of transcription 1 (STAT1) regulation by GC and its consequences for cytokine production during activation of macrophages with TLR-specific ligands. We found that robust STAT1 activation does not occur until 2-3 h after TLR engagement, and that GC suppression of STAT1 phosphorylation first manifests at this time. GC attenuates TLR4-mediated STAT1 activation only through induction of suppressor of cytokine signaling 1 (SOCS1), which increases throughout the 6-h period after treatment. Inhibition of TLR3-mediated STAT1 activation occurs via two mechanisms, impairment of type I IFN secretion and induction of SOCS1. Our data show that SOCS1 and type I interferons are critical GC targets for regulating STAT1 activity and may account for overall GC effectiveness in inflammation suppression in the clinically relevant time frame. knockout mice | JAK
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Inflammatory triggers engage multiple components of innate and adaptive immunity with distinct functions. Among these components, Toll-like receptors (TLRs) are the best-studied innate immune sensors that recognize the molecular patterns present on foreign or autoantigens to initiate stimulus-dependent inflammatory responses (6) . Various mechanisms for GCmediated inhibition of TLR-driven inflammatory events have been implicated, including interaction with multiple signaling components, such as MAPKs, NF-κB, and activated protein 1 (2) . Suppressive actions of GCs on these signaling pathways modulate a wide range of inflammatory molecules, including many cytokines. Most of these cytokines transmit signals through cell surface receptors to the nucleus by engaging a family of latent transcription factors, signal transducer and activator of transcription (STAT), for further initiation, propagation, and resolution of inflammation (7) . Defining the regulation of STAT proteins by GC is of particular interest, given that STAT's later temporal activation corresponds to the time when most GC clinical efficacy is displayed (8) .
GR physically interacts with STAT3, STAT5a, STAT5b, and STAT6, and functionally synergizes with them to promote STATresponsive gene transcription. Conversely, no physical interaction is observed between STAT1 and GR, and the functional interaction is more complex (9); for example, GR cooperates with STAT1 to transcribe FcγRI (10) . In contrast, IFN-γ-induced MHC class II gene expression is impaired by GR engagement, and pretreatment with dexamethasone (Dex), a synthetic GR agonist, inhibits IFN-γ-induced expression and activation of STAT1 (11) . Apparently, GCs may have both synergistic and antagonistic effects on STAT1 function, indicating that STAT1 is a promising GC target for tailoring immunosuppressive effects.
Suppressors of cytokine synthesis (SOCSs) function in a negativefeedback loop to restrain inflammatory responses, including STAT activation (12) ; however, their involvement in GC-mediated immunosuppression is unknown. TLR agonists, such as LPS or CpG DNA, have been shown to induce SOCS1 (13) . Moreover, stimulation with TLR ligands results in excessive production of TNF-α, IL-12, and IFN-γ in macrophages, dendritic cells, and fibroblasts from SOCS1-null mice (14) (15) (16) . SOCS1 mRNA is induced by GCs in some hematopoietic and immune cell lines (17) ; whether SOCS1 is GC-regulated as a distal signal in TLR activation cascades has not been reported.
Previously, we found differential regulation of NF-κB-and MAPK-mediated inflammatory reactions by GCs depending on the nature of TLR/adapter protein recruited (18) . However, the robust inhibitory effect of GCs on TLR-mediated inflammatory gene induction was only partly explained by attenuation of NF-κB or MAPKs, which are activated early and transiently after TLR engagement. In disorders associated with inflammation, such as asthma, treatment with GCs has limited or no effect shortly after administration, whereas significant efficacy is seen at 4-24 h after administration (19) (20) (21) ; thus, other delayed mechanisms of action must be in effect. In present study, we tested the hypothesis that GCs differentially modulate STAT1 activation depending on the nature of TLR engagement. Using GR-, STAT1-, or SOCS1-deficient macrophages, we found selective impairment of TLR3-or TLR4-induced STAT1 activation by GCs, with no effect on TLR9-induced STAT1 activation. Moreover, we have identified SOCS1 as a critical GC target for regulation of STAT1-mediated inflammatory reactions.
Results

TLR-Induced Proinflammatory Cytokine Secretion in Control and
STAT1-Null Macrophages. We first evaluated the relative contribution of STAT1 to TLR-mediated proinflammatory cytokine secretion. Macrophages isolated from control and STAT1-null (STAT1 −/− ) mice were treated with the TLR4 ligand LPS, the TLR3 ligand Poly (I:C), or the TLR9 ligand CpG. This study used primarily animals on a C57BL/6 background, whereas commercially available STAT1 −/− mice are maintained on a 129S6 background. Secretion of TNF-α, IL-6, and IL-12(p40) was comparable in C57BL/6 and 129S6 control macrophages, indicating no significant difference in proinflammatory cytokine secretion between the two strains (Fig. 1) . Both TNF-α and IL-12 (p40) secretion after LPS or Poly (I:C) treatment were markedly reduced in STAT1 −/− macrophages compared with control (STAT1 +/+ ) macrophages. We found 48% (P < 0.01) and 49% (P < 0.05) reductions in TNF-α secretion after 18 h and 48 h of LPS treatment, respectively, along with 58% (P < 0.05) and 33% (P < 0.05) reductions of IL-12(p40) secretion after 18 h and 48 h of LPS treatment, respectively (Fig. 1A) . We also found 49% (P < 0.01) and 51% (P < 0.01) reductions in TNF-α after 18 h and 48 h of Poly (I:C) treatment, respectively, as well as 62% (P < 0.01) and 56% (P < 0.05) reductions in IL-12(p40) after 18 h and 48 h of Poly (I:C) treatment, respectively (Fig. 1B) . There was no significant difference in proinflammatory cytokine secretion between control and STAT1 −/− macrophages when treated with CpG (Fig. 1C ). Absence of STAT1 had a less pronounced effect on TLR-induced IL-6 secretion. We found 25% (P < 0.05) to 29% (P < 0.05) and 27% (P < 0.05) to 13% (P = 0.06) reductions in IL-6 levels after LPS and Poly (I:C) treatment, respectively (Fig. S1 A and B). Consistent with the foregoing results, we found no significant difference in secreted IL-6 levels in CpG-treated control and STAT1
−/− macrophages (Fig. S1C ).
Effect of GCs on TLR-Induced STAT1 Phosphorylation. We next tested the hypothesis that engagement of GR with Dex regulates TLR ligand-induced STAT1 phosphorylation at Ser 727 and Tyr 701 , essential prerequisites for STAT1 activation (22) . We investigated both early and late effects of GC on TLR-induced STAT1 activation. LPS induced low levels of phosphorylation at Ser 727 of STAT1 as early as 30 min after stimulation and more robust phosphorylation after 2 h of stimulation (Fig. S2A) . Dex had no effect on STAT1 Ser 727 phosphorylation until 2 h after LPS treatment. We found minimal phosphorylation at Tyr 701 of STAT1 after 2 h of LPS treatment, but no effect of Dex at this time (Fig. S2A) . Poly (I:C) did not induce phosphorylation at Ser 727 and Tyr 701 of STAT1 until 2 h after treatment, and Dex pretreatment had no detectable effect (Fig. S2B) . GR-deficient macrophages displayed no Dex sensitivity for LPS-induced STAT1 phosphorylation ( Fig. 2A) . Similar suppression by Dex of Poly (I:C)-induced STAT1 phosphorylation was observed in control macrophages, but not in macrophages with conditional deletion of GR (MGRKO). We found a 2-to 3.5-fold inhibitory effect of Dex on Poly (I:C)-induced STAT1 phosphorylation at Ser 727 and a 3.5-to 6-fold inhibitory effect at Tyr 701 (Fig. 2B ). In contrast, we detected no detectable effect of Dex on early-phase CpG-induced phosphorylation at Ser 727 of STAT1, and only modest suppression at late phases (Fig. 2C ).
Interferon α/β Receptor 1 Activation and TLR-Induced STAT1 Phosphorylation. Type I interferons function via their cognate receptors, interferon α/β receptors (IFNARs), and are known to play a critical role in STAT1 induction (23) . We examined the contribution of type I interferons in TLR-induced STAT1 activation using anti-IFNAR1 neutralizing antibody (MARI). Cells were pretreated with MARI and evaluated for TLR liganddependent STAT1 phosphorylation at early (3 h) and later (6 h) phases of STAT1 induction. We found a strong inhibitory effect of MARI on LPS-induced STAT1 phosphorylation (Fig. S3) . MARI had little effect on LPS-induced STAT1 phosphorylation at Ser 727 , but a considerable inhibitory effect at Tyr 701 (Fig. 3A) . A pronounced inhibitory effect of MARI also was observed on Poly (I:C)-induced STAT1 phosphorylation. Densitometric analysis revealed that MARI caused a 2.8-to 5.5-fold suppression of Poly (I:C)-induced Ser 727 phosphorylation and a 5-to 8-fold suppression of Tyr 701 phosphorylation (Fig. 3A) . MARI pretreatment had no effect on CpG-induced STAT1 phosphorylation at Ser 727 . 
GC Modulation of TLR-Induced Type I IFN Secretion and Nuclear
Interferon Regulatory Factor 3. We explored the effect of Dex on TLR-induced type I IFN secretion and found a strong inhibitory effect of Dex on Poly (I:C)-induced type I IFN secretion. Dex caused 59% (P < 0.05), 72% (P < 0.01), and 74% (P < 0.01) suppression of IFN-β secretion after 3, 6, and 9 h of Poly (I:C) treatment, respectively, in control macrophages compared with non-Dex-treated control macrophages (Fig. 3B ). Dex treatment also inhibited IFN-α secretion by 60% after 12 h and by 58% after 18 h of Poly (I:C) treatment compared with non-Dex-treated macrophages (P < 0.01) (Fig. 3D) . Surprisingly, Dex had no significant effect on LPS-induced IFN-β secretion (Fig. 3C) . No secretion of IFN-β or IFN-α was detected after stimulation with CpG. Nuclear translocation of interferon regulatory factor 3 (IRF3) is an integral step in TLR-dependent induction of type I IFN synthesis (24) . We found that the nuclear abundance of IRF3 was increased after treatment with LPS (Fig. 3E) or Poly (I:C) (Fig.  3F) . LPS-induced elevation of nuclear IRF3 was essentially unaltered in the presence of Dex; however, Dex markedly suppressed Poly (I:C)-induced increases in nuclear IRF3 (Fig. 3F) . (Fig. 3G) . To evaluate the temporal effect of Dex pretreatment on IFN-β-induced STAT1 phosphorylation, we treated cells with IFN-β for different times, as shown in Fig. 3H . Treatment with IFN-β induced STAT1 phosphorylation in a time-dependent manner with no inhibitory effect of Dex (Fig. 3H) . Taken together, these findings indicate that IFN-β-induced STAT1 activation is Dex-resistant. Fig. 2 . Representative of three independent experiments. (B-F) GC modulation of TLR-induced type I IFN secretion and nuclear IRF3. Macrophages were treated with Dex, followed by treatment with Poly (I:C) (B and D) or LPS (C) for 3, 6, or 9 h for IFN-β and for 12 or 18 h for IFN-α. Concentrations of IFN-α and IFN-β in the culture media were analyzed by ELISA. Data are mean ± SEM; n = 3. *P < 0.05; **P < 0.01 for Dex-treated cells compared with the group treated with Poly (I:C) only. (E and F) Cells were treated as described previously, and nuclear extracts were analyzed by Western blot analysis using anti-IRF3 or anti-β-actin antibodies. (G and H) Effect of GCs on IFN-β-induced STAT1 phosphorylation. Cells were pretreated with Dex, followed by treatment with varying doses of IFN-β (31.25-500 U/mL) for 1 h (G) or 125 U/mL of IFN-β for the indicated periods (H). Cell lysates were analyzed as described in Fig. 2 . Representative of three independent experiments. SOCS1 Mediates GCl Inhibition of STAT1. Impairment of type I IFN secretion confers Dex-dependent inhibition of Poly (I:C)-induced STAT1 phosphorylation, at least in part. However, changes in type I IFN secretion do not explain the inhibitory effect of Dex on LPS-induced STAT1 phosphorylation. Several lines of evidence suggest induction of SOCS1 as a potential regulatory mechanism for STAT activation (12) . To establish the role of SOCS1 in mediating Dex-induced suppression of STAT1 activity, we evaluated TLR-induced SOCS1 expression in the presence or absence of Dex. The basal abundance of SOCS1 was low, and Dex alone had little effect on increasing it (Fig. S4) . In contrast, SOCS1 expression was robustly induced after treatment with Dex in combination with LPS or Poly (I:C). Densitometric analysis indicated 2.6-, 4-, and 5-fold induction of SOCS1 expression by Dex treatment after 1, 3, and 6 h of LPS treatment, respectively (Fig. 4A) . Dex also induced SOCS1 in Poly (I:C)-treated macrophages; 1.5-to 2-fold elevation of SOCS1 expression was seen in Poly (I:C)-treated macrophages when also treated with Dex (Fig. 4B) . Dex treatment did not alter CpGmediated induction of SOCS1 (Fig. 4C) .
To determine the importance of SOCS1 in the effects of GCs on STAT1 activation, we examined STAT1 activation in SOCS1-null (SOCS1 −/− ) macrophages. We found that Dex had markedly reduced efficacy in suppressing LPS-or Poly (I:C)-induced STAT1 phosphorylation at Ser 727 and at Tyr 701 in SOCS1
−/− macrophages (Fig. 4D) . Densitometric analysis indicated only (Fig. 4E) . We further explored the effect of Dex on TLR-induced proinflammatory cytokine secretion in SOCS1 −/− macrophages. Pretreatment with Dex resulted in 73% and 85% suppression of TNF-α (P < 0.01) and IL-12(p40) (P < 0.01), respectively, in LPS-treated SOCS1 +/+ cells, compared with only 25% (P < 0.05) and 31% (P < 0.05) suppression in SOCS1 −/− cells (Fig. 4F ). For Poly (I:C) treatment, Dex caused 71% and 83% inhibition of TNF-α (P < 0.05) and IL-12(p40) (P < 0.01), respectively, in SOCS1 +/+ cells, compared with 42% (P < 0.01) and 40% (P < 0.01) inhibition in SOCS1 −/− cells (Fig. 4G ).
SOCS1 Inhibits Phosphorylated JAK2 Abundance to Impair STAT1 Activation. One potential mechanism for SOCS1-mediated STAT1 suppression is the degradation of phosphorylated JAK2, the key upstream component for STAT1 phosphorylation and activation (12, 25, 26) . We measured LPS-and Poly (I:C)-induced phosphorylated JAK2 in SOCS1 +/+ and SOCS1 −/− macrophages. Both LPS and Poly (I:C) enhanced the phosphorylation of JAK2 in SOCS1 +/+ and SOCS1 −/− cells (Fig. 4H) . Pretreatment with Dex resulted in inhibition of TLR-induced phosphorylated JAK2 abundance (Fig. 4H ). Densitometric analysis revealed 1.9-and 2.3-fold reductions in phosphorylated JAK2 by Dex after 6 and 9 h of Poly (I:C) treatment, respectively. Dex also inhibited phosphorylated JAK2 abundance in LPS-treated macrophages. A 2.2-to 2.5-fold reduction in phosphorylated JAK2 was seen in LPS-treated macrophages pretreated with Dex compared with non-Dex-pretreated macrophages. Strikingly, Dex had no detectable effect on LPS-or Poly (I:C)-induced phosphorylated JAK2 abundance in SOCS1 −/− macrophages (Fig. 4I ).
Discussion
In this report, we define mechanisms through which GCs exert their anti-inflammatory effects. Our key findings are as follows: (i) STAT1 activation is an important downstream effector for TLR3 or TLR4 signaling, but not for TLR9 signaling; (ii) GCs have the ability to inhibit STAT1 activation resulting from TLR3 or TLR4 engagement; (iii) for TLR4 signaling, STAT1 suppression is entirely dependent on induction of SOCS1, whereas for TLR3 signaling, GC-suppressive effects result both from induction of SOCS1 and suppression of type I IFN secretion; and (iv) optimal SOCS1 induction requires coincident signals from TLRs and GR (Fig. S5) . The increase in SOCS1 abundance is a critical anti-inflammatory action mediated by the gene expression-enhancing properties of ligand-bound GR, rather than a direct inhibitory interaction with proinflammatory transcription factors, such as NF-κB (2). Whereas NF-κB and MAPKs are key signaling components that orchestrate TLR-initiated inflammatory actions, evidence from previous work suggests that GC-mediated suppression involves targets distinct from these intermediates (18) . For example, pharmacologic inhibition of NF-κB or MAPK pathways produced only 50-60% suppression of proinflammatory cytokine secretion, compared with 80-90% suppression from Dex treatment. Activation of NF-κB and MAPKs is proximal to TLR ligation and accounts for the transcription and stabilization of several inflammatory signatures that function via secondary mediators, such as STATs, for the further progression or resolution of inflammation. We found that STAT1 −/− macrophages secrete lower levels of IL-12(p40), TNF-α, and IL-6 compared with STAT1 +/+ macrophages when treated with LPS or Poly (I:C) ( Fig. 1 A and B) . In contrast, CpG-mediated cytokine secretion is comparable in STAT1 +/+ and STAT1 −/− macrophages (Fig. 1C) , indicating that TLR9-mediated inflammatory gene induction is largely STAT1-independent. This finding is in agreement with a previous report demonstrating that CpG DNAinduced IL-12 gene induction in bone marrow macrophages is independent of STAT1 activation (27) . Taken together, our results indicate that STAT1 is an integral component of TLR3-and TLR4-inducible inflammatory reactions and a critical target for GC effects beyond NF-κB or MAPK pathways.
Consistent with the delayed onset of clinical efficacy, our data demonstrate late inhibitory effects of Dex on STAT1 activation compared with MAPKs or NF-κB suppression that occurs within minutes of TLR engagement. Engagement of TLR3 or TLR4 results in augmented phosphorylation of STAT1 at both Ser 727 and Tyr 701 residues, which are Dex-suppressible events, especially at the later phases after induction (Fig. 2 A and B) . We found robust inhibitory effects of Dex on MAPK and NF-κB activation within 30-60 min of treatment with TLR ligands (3, 18) . In contrast, we found no detectable effect of Dex treatment on TLR-induced STAT1 phosphorylation for similar periods with TLR ligands (Fig. S2) . In cells pretreated with Dex for 3 h, the earliest inhibition of STAT1 phosphorylation was observed for Ser 727 at 2 h after exposure to LPS. Our data suggest that 5-12 h of Dex treatment is required to inhibit STAT1 activation. This finding is consistent with clinical studies showing that corticosteroid treatment has little or no immediate effect, but demonstrates clinical utility after 4-24 h.
Given the wealth of data indicating type I IFNs as the major stimulatory signals for inducing STAT1, we asked whether GCs modulate STAT1 activation in macrophages by inhibiting IFN signaling. Our experiments with primary macrophages indicate that both IFN-α and IFN-β are Dex-suppressible in the context of Poly (I:C) treatment (Fig. 3 B and D) . In addition, blockage of type I IFN signaling by pretreatment with IFNAR neutralizing antibody inhibits Poly (I:C)-induced STAT1 phosphorylation at Ser 727 and Tyr 701 . Moreover, increased nuclear abundance of IRF3, a critical requirement for type I IFN transcription, is diminished by Dex treatment (Fig. 3F) . Both dose-response and kinetic studies with IFN-β show Dex-resistance for direct IFN-β-mediated STAT1 phosphorylation at Ser 727 or Tyr 701 ( Fig. 3 G and  H) . A similar observation was recently reported by Flammer et al. (28) . Thus, GCs target the secretion of, but not the function of, type I IFNs to inhibit TLR3-mediated STAT1 induction. Surprisingly, increased nuclear IRF3 abundance, as well as secretion of IFN-β after LPS treatment, are Dex-resistant (Fig. 3A) . The mechanism behind this difference in GC regulation of TLR3-and TLR4-mediated IFN-β and IRF3 nuclear abundance remains to be determined.
A growing body of evidence indicates that expression of SOCS1 modulates both the kinetics and magnitude of STAT1 activation (12) . Our data show that Dex optimally induces SOCS1 expression when costimulated with LPS or Poly (I:C) (Fig. 4 A and B) . To determine the functional importance of SOCS1 in this context, we analyzed the effects of GCs on STAT1 phosphorylation and cytokine secretion in SOCS1 −/− macrophages. For LPS treatment, the suppressive effect of Dex on both STAT1 phosphorylation and TNF-α or IL-12(p40) secretion was markedly diminished in SOCS1 −/− macrophages (Fig. 4D) . A similar (albeit less robust) suppression occurs with Poly (I:C)-induced STAT1 phosphorylation and cytokine secretion in the presence of Dex in SOCS1 −/− cells (Fig. 4E) . The relatively lessrobust SOCS1 regulation by GCs for TLR3 engagement likely is compensated for by suppression of type I IFN signaling. SOCS1 uses several putative mechanisms to limit STAT1 activation, one of which is to target proteasomal degradation of phosphorylated JAK2 (12) . Consistent with this mechanism, Dex markedly reduces phosphorylated JAK2 in SOCS1 +/+ cells, but has no
